UCRL- 93220

CIRCULATION COPY PREPRINT

SUBJECT TO RECALL
IN TWO WEEKS

CORAL REEF HYDROLOGY: FIELD STUDIES OF
WATER MOVEMENT WITHIN A BARRIER REEF

J. A. Oberdorfer
Dept. of Geology
San Jose State University

R. W. Buddemeier
Lawrence Livermore National Laboratory

THIS PAPER WAS PREPARED FOR SUBMITTAL TO
CORAL REEFS

August 13, 1985




DISCLAIMER

This document was prepared as an account of work sponsored by an agency of the
United States Government. Nefther the United States Government sor the University
of California nor any of their emsployees, makes any warranty, express or implied, or
assumes any legal liability or reapensibility for the accwracy, completeness, or usefal-
ness of any infermation, apparates, product, er process disclosed, or represents that
Its wse would not infringe privately owned rights. Reference herein to any specific
commercial products, procesa, or service by trade name, trademark, manufactwrer, or
otherwise, does not necessarily constitute or imply its endorsersent, recommendation,
or favoring by the United States Government or the University of Califorsia. The
views and opinions of authers expressed herein do not necessarily state or reflect
those of the United States Goverament or the University of California, and shall wot
be used for advertising or product endorsement purposes.



CORAL REEF HYDROLOGY: FIELD STUDIES OF
WATER MOVEMENT WITHIN A BARRIER REEF

J. A. Oberdorfer
Department of Geology
San Jose State University
San Jose, CA 95192 USA

R. W. Buddemefer
Nuclear Chemistry Division
Lawrence Livermore National Laboratory

Livermore, CA 94550 USA*

*Work performed at the Australian Institute of Marine Science,

Townsville, Queensland, Australia.



ABSTRACT

Water movement through Davies Reef, a coral reef in the central
Australian Great Barrier Reef, was studied using field slug tests,
laboratory permeameter tests, tide gage measurements of water levels,
dye tracers and pore water chemistry. Flow is driven by water level
differences which were shown to occur between reef front and lagoon.
The reef 1s hydraulically very heterogeneous with bulk flow occurring
through high permeability zones (voids and rubble) at a velocity on the
order of 10 m/d. Pore water exchange in less ﬁermeable zones occurs at
a much slower rate. Vertical components of flow are significant.
Chemical data indicate that carbonate precipitation and solution occur
so that porosities, permeabilities and flow paths may change with
time. Implications for nutrient transfer through the benthic sediments

and for fresh water resources on reef islands are discussed.

Introduction

Coral reefs are frequently thought of as static barriers to flow in
a sea of moving water. In reality they are hydraulically dynamic
systems with water flowing into, through, and out of them
continuously. Knowledge of water fluxes through a reef are important to
the understanding of reef diagenesis, as the pore water geochemical
transformation that takes place will, in part, be dependent on rate of
water through-flow. Nutrient fluxes into and out of the benthic
boundary layer will be affected by flow through it. Extension of our
knowledge of water movement within a reef to fresh water occurrence in

reef islands can increase our understanding of this important resource.



There have been eséentially no studies done of water movement
within a submerged reef. Studies have been performed on water budgets
within reef and atoll islands, but these have been limited almost
exclusively to the fresh water without examining movement in the
underlying salt water. Often the assumption is made that no flow takes
place in the reef salt water. Recent studies of atoll islands
(Buddemefer and Holladay, 1977; Buddemefer, 1981; Wheatcraft and
Buddemeier, 1981) indicate the presence of a-dua?_aquifer system
consisting of an upper Holocene aquifer of unconsolidated coral sand and
rubble (hydraulic conductivity approximately 70 m/d), and a lower
consolidated Pleistocene aquifer. Hydraulic conductivities in this
lower aquifer are at least an order of magnitude greater and are thought
to consist mainly of large void permeability (Ladd and Schlanger,

1960). Data from Kwajalein Atoll (Hunt and Peterson, 1981) indicate the
existence of a broad transition zone of mixed fresh and salt water and
the probability of significant vertical flow. Computer simulation
(Herman and Wheatcraft, 1984) of the layered aquifer system succeeded 1in
matching field data and confirmed the importance of vertical flow.

Pore water velocities can be measured directly using dye tracers or

can be calculated from hydraulic data using Darcy's Law, which governs

flow through porous medfia:

< K
Vp + dh/d1
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¥, = pore velocity (LT-1)

n = effective porosity ( )

K = hydraulic conductivity of porous medium and fluid (LT'l)
dh = difference in hydraulic head (L)

dl = distance between head measurement locations (L)

Reef dimensions divided by the pore velocities will give residence times
for water within the reef. Residence times can also be inferred from
chemical data, particularly input of a substance which is consumed and |
depleted, such as dissolved oxygen. °

Because of the heterogeneity of a coral reef, water will flow at
different rates through different portions of the reef. In m&king
calculations or measurements, it is always important to keep in mind to
which portion is being considered. Most of the observatfons and
calculations made in this paper refer to that portion of the water
moving at high rates through zones of high permeability, in turn

reflecting short residence times.

Materials and Methods

This project was carried out on Davies Reef (Figure 1), a coral
reef in the central portion of the Australian Great Barrier Reef. The
reef {s generally covered by 1 to 3 m of water, depending upon tidal
stage. It 1s located about 75 km offshore from Townsville and about 35
km back from ocean front of the reef system. In May 1982, a 39 m deep
hole (AIMS Davies Reef #1) was drilled and continuously cored on Davies
Reef by the Australian Institute of Marine Science. Samples from this

core indicate a solution unconformity at 25.7 m below reef surface
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demarking the boundary between Holocene and Pleistocene sediments.
Sediments both above and below the unconformity consist of dense coral
and coral sands and gravel. Sediments in the zone below the
unconformity show significant alteration of aragonite to calcite. The
reef flat where most of the studies were carried out is covered by reef
plate, several fens of centimeters thick. This reef plate consists of a
highly cemented, algal bound coral gravel.

In January-February 1983, seventeen shallow holes were drilled and
cased with PVC casing (Oberdorfer and Buddemeier, 1983). This casing
was fitted with an end cap and.sampling tube to insure sampling of
formation water as opposed to wellbore water. Three pairs of wells were
installed in a cross reef transect, and the other eleven as a radfal
array designed for study of horizontal tracer fransport in the
subsurface. Figure 2 presents well locatfons and Figure 3 is a dfagram
of the well casing plus sampling head.

Hydraulic conductivity determinations were made on nine
representative core samples using laboratory permeameters. In addition
to the core samples from the deep hole, permeameter determfnations were
also made on two hand samples of the reef plate and on two samples of
sand found in poékets on the reef plate. Constant head permeameters
were used on the high permeability samples and falling head permeameters
on the Tow permeabilfty ones (Freeze and Cherry, 1979). The
unconsolidated sediments were somewhat disturbed during coring and their

emplacement in the permeameter and may therefore not reflect the exact

in-situ hydraulic conductivity.

Stug tests were performed in the field on six of the array wells to
determine the in situ hydraulic conductivity and to quantify the
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magnitude of lateral heterogeneities. A Tength of PVC pipe was attached
to the top of the existing well casing to extend the casing
approximately 1.5 meters above the ocean water level. The sampling
tubing was removed from the wells, but the sampling end cap was left
intact. The extended casing was rapidly filled with water, and then the
drop in water level in the casing was measured as a function of time.
The rate at which the water flows out into the formation 1s proportional
to the formation's hydraulic conductivity, which was calculated
according to Hvorslev (1951). The casing ang end cap were calibrated in
a beach sand formation of known hydraulic conductivity.

Horizontal tracer tests were performed on the array wells and
vertical tracer tests on pairs of the transect wells in an effort to
measure directly pore velocities and flow directions. Fluorescent dye
was injected, followed by both visual and instrumented observations.
Fluorescein and Rhodamine-B were used in concen;rations of approximately
40,000 mg/1. The injection of five 1iters of dye was usually followed
by injection of at least 5 liters of seawater to distribute the tracer
into the formation surrounding the_we11. Visual observations were
carried out by snorkelers. Samples for instrumental analysis were
collected perfodically over a 50 hour period from the sampling tubes in
nearby observation wells with a peristaltic pump and were measured with
a Turner Model 430 spectro-fluorimeter.

In order to investigate vertical flow patterns, Fluorescein was
injected into one well of each of the pairs of transect wells, and the
other well was sampled. BS, MD and FD were the injection wells, and the

other wells were sampled periodically over a 26 hour period.
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Prior to these tracer studies, pore water was sampled with a
peristaltic pump from the sampling tubes in the transect wells and
analyzed for a variety of constituents; all waters were essentially
anaerobic, with significant concentrations of HpS and NH3 (Buddemeier et
al., 1983). Of interest to this discussion were the alkalinity results
which were determined by the method of Smith and Kinsey (1978).
Dissolved oxygen was also measured using an oxygen electrode inserted
into a chamber in the sampling tube ahead of the peristaltic pump.
Seawater over the reef flat was manually sampled for comparison at
reference 1ocation MT (see Figure 2).

Four submersible tide gauges were installed (see Figure 2) to
measure relative water level differences over various parts of the
reef. These were gauges with strip chart recorders and were emplaced in
January 1983 and retrieved in Tate March 1983. It was not possible to
survey in the tide gauges so that only relative differences in water
Tevels can be deduced. Two current meters were also deployed; their

results will not be discussed in this paper.

Results

Permeametry on deep well cores and hand samples indicate large
vertical inhomogeneities in the reef's hydraulic properties. Hydraulic
conductivities (K) determined by permeameter are given in Figure 4.
Values vary over four orders of magnitude and range from fairly high to
fairly low permeabilities. The greatest permeabilities in reef
structures most 1ikely result from large voids which are not sampled by
coring nor appropriate for permeameter studies, and so are not

represented in these results. The reef plate has a hydraulic
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conductivity several orders of magnithde less than that of the
underlying sediment and probably acts as a confining layer. This layer
restricts flow through the reef flat surface and may create pressurized
conditions within the reef. It is, at least locally, a leaky confining
layer (as was made apparent in several of the dye studies where dye
leaked through the reef plate), in that fissures or small holes in the
reef plate can allow the passage of water at a much greater rate than
through intact reef plate 1tself. These results are consistent with the
observations of Ayers et al. (1984) in the Caroline Islands.

The results of the slug tests are given in Figure 5. One advantage
of slug tests over permeameter determinations of hydraulic
conductivities {s that they give a value fntegrated over a much larger
volume of porous medium and thus give values more representative of
formation permeability. The data show that order of magnitude changes
in hydraulic conductivity occur over lateral distances of 10 m, so there
1s horizontal as well as vertical inhomogeneity. There is good
agreement between the values of hydraulic conductivity found for the
upper 3-4 m of the AIMS Davies Reef #1 Core and the values found for the
shallow array wells.

Head difference (measured as water level difference) results can
only be analyzed in relative terms since there was no common datum for
the tide gauges. The tidal curves from the different gauges can be
matched in a variety of manners, Figure 6 being an example of one of
them. What is clear is that the curves from the reef front and from the
lagoon do not match for the whole tidal cycle. For some period of time
the water on one side of the reef flat is several centimeters to several

tens of centimeters higher than on the other side.



Calculations can be made using Darcy's Law if we make several
assumptions:
1. High permeability zones (K f 1000 m/d) dominate the internal flow,
2. Void porosity (that bortion of the total reef volume where high rate
flow is taking place) is approximately 5%, and
3. An average head difference across the 300 m width of the reef is 5

cm.

- 1000 8/d 0051 _ 55 g

Yo -

A range of probable values would be plus or minus one order of
magnitude. This calculated pore velocity value would give a residence
time (or travel time across the 300 m width) of ~ 0.25 year. This is
generally consistent with the through-reef flow rates estimated by
Buddemeier (1981) for the larger Enewetak atoll reef system.

If vertical flow from a highly permeable Pleistocene aquifer
predominates, as suspected, the distance over which tﬁat head difference
exists is <300 but > 25 m and the travel distance becomes 25 m. In
turn, the maximum vertical pore velocity calculated is 10 m/d and the
minimum residence time is 2.5 days.

During the horizontal tracer test on the array wells, no dye was
detected in the water sampled from the monitoring wells after injection
of the central well. This may be because a) the dye had not had time to
reach the monitoring wei1s over the two day sampling period, suggesting
flow velocitfes less than 5 m/d, or b) because the monitoring wells were
emplaced at points in the highly heterogeneous formation which did not

intercept the major flow channels. Visual observations were made,
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however, as dye injected into the wells emerged at the reef surface
through fissures in the reef plate. Pore velocities for the visual
observations were calculated using the distance from injection to
observation point and the time from injection to first observation. A
first, strictly visual test using Fluorescein in the central array well
in January 1983 1nd1ca§ed velocities of 400-500 m/d in a direction
diagonally toward the reef front (ioward Array Well 3). These
velocities would yield residence times of less than one day. Dye from
this first injection was found in well 7 when 1t was first sampled 42
days later. This would indicate velocities greater than 0.2 m/d. This
Fluorescein concentration of 14-20 ppb persisted during the March 10-12
sampling period. A second Fluorescein injection in the central array
well on March 10 produced no visible leaks.

The March 12 Rhodamine-B injection into array well #1 produced
surface leaks from a coral head 0.6 m to the north after one half hour;
after two and a half hours, dye was streaming from 10 to 15 locations
around the well. Velocities of 20 to 50 m/d, primarily in the vertical
direction, were calculated from these observations. Similar visual
tests attempted on wells 6, 8, and 10 produced no observable leakage.

In the vertical dye experiments on the transect wells, no dye was
observed in well FS after injection into FD. Well MS had dye
concentrations of 0.03 ppm and 0.05 ppm at 23 and 26 hours after initial
injection into MD. From the MS data an upward vertical velocity of less
than 5, but greater than 1.4 m/d, can be estimated. Figure 7 gives the
results from well BD. The results for BD suggest that both upward and
downward movement may be taking place, upward on the rising tide and

downward on the falling tide, although not enough data were collected to
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verify this. The arrival in the downward direction after three hours
suggests a vertical velocity of about 12 m/d, consistent with the
estimate calculated above.

Small but significant variations in the very low levels of
dissolved oxygen, on the order of 0.10 to 0.20 ppm, were observed in a
number of shallow wells which indicated input of oxygen-bearing seawater
on a tidal cycle basis. These concentrations reflect an exchange of
about 3% ocean water with the pore water over each tidal cycle. This
replacement rate would indicate a pore water residence time of
approximately 17 days. Since oxygen is not a conservative tracer 1ig
this environment, the actual residgnce time at shallow depths might be
significantly less. Pore water sampled for chemical analyses may well
be a mixture of rapidly moving pore water plus more stagnant water so
the chemistry may reflect multiple residence times. Oxygen response was
fairly rapid in the wells indicating pore water velocities on the order
of 10 m/d. Since oxygen is consumed very quickly within the reef
structure, the most 1ikely input would be by the shortest flow path,
which is downward movement from the seawater overlying the reef flat (in
other words, by a predominantly vertical pathway).

Table 1 summarizes the pore water velocity and residence time
results. Somewhat different results are obtained from calculations
based on primarily vertical as opposed to horizontal flow. Alkalinity
data (Table 2) from the wells and the overlying seawater indicate that
both solution and precipitation of carbonate minerals are taking place
once the seawater enters the reef structure; a decrease in pore water
alkalinity relative to seawater indicates net precipitation, while an

Increase indicates that net solution is taking place. These solution
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and precipitation processes will alter the porosity and, hence, the

permeability of the formations with time.

Discussion

While the pore water velocity results vary a great deal, they
fndicate that the most 1ikely values for pore water residence time in
the high permeability zones of the upper few meters of the reef
structure are in tﬁe range of a few weeks to a few months. These values
reflect the movement of that portion of the formation water which is
actively circulating. Residence times for water entrapped within the
coral fragments, dead end pofes or less permeable sediments would be
much greater. There is certain to be some degree of exchange between
the open and the more restricted flow paths. The relatively short
residence time for the bulk water means that large volumes of water are
entering and leaving the reef structure on a yearly basis. These large
fluxes (10-100 mS of water per m of reef surface per year) show the
potential for substantial exchange between the nutrient rich reef pore
waters and the benthic sediments. The large fluxes also signify that
relatively large portions of the carbonate reef structure can be altered
by solution or precipitation, and that biological activity can be '
sustained within ostensibly remote locations in the reef substructure.

If, as suggested by the dye and the oxygen renewal data, vertical
flow predominates, this could have important implications for fresh

groundwater resources on atoll and reef islands. This vertical motion

would cause a great deal of mixing between the fresh water and the
underlying seawater. A broad transition zone of mixed fresh and salt

water would exist; this has been observed in the few places it has been
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looked for (Buddemeier and Holladay, 1977; Hunf and Peterson, 1980).

Fresh water resources on these islands could be, and generally are,

overestimated if this mixing were not taken into account. A second

effect on 1sland groundwater could result from a net transport of salt

water through the high permeability Pleistocene formation beneath the

island due to head differences between reef front and lagoon. This flux

would be constantly removing fresh water entrained in the salt water and

hence act as a significant sink for the scarce fresh water resource; in

turn, the transport of fresh water to considerable depth in the

underlying reef formation could have a significant impact on the

geochemical processes occurrjhg there.

1.

2.

3.

4.

By way of conclusion, we state that: _
This study demonstrates that it {is possible, although by no means
simple, to make direct observations of coral reef hydrologic
processes.

Davies Reef is heterogeneous, generally permeable, and has
relatively rapid and convoluted internal flow patterns. Data on
this submerged reef agree with observations obtained from istand
hydrology studies, suggesting consistency in the controlling
parameters for coral reef systems in general.

Even in the absence of major barriers and enclosed lagoons, the reef
system generates head differences capable of driving a significant
internal flow.

More detailed future investigations are needed to characterize flow
velocities and directions, the rates of nutrient regeneration, and

the rates and effects of carbonate dissolution and precipitation.
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Table 1. Pore velocities (V) and residence times (t) for Davies
reef, determined by various experimental methods.

Horizontal
V (m/d) ‘rfdazs[
Calculation - 3.2 - 90
(Darcy's Law)
Dye Tracer 0.2 <1500
400 <1

0, renewal —

Vertical

V(m/d) T(days)

10 3

1.4 to <5 >6 to <20
10 3
20 to 50 <1l to 2

10 <17
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Table 2. Average pore water alkalinity values and ocean water
value at mid-transect (MT)

Well # Alkalinity (meq/1)
FD 2,319 ¢ .013
FS | 2.272 ¢ .014
MD | 2,410 ¢ .011
MS 2.197 + .007
BD . 2.178 ¢ .002
BS - 2.280 t .005

MT (seawater) 2,346 ¢+ .001
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Figure 1. Location of Davies Reef study area, central Great
Barrier Reef

Figure 2. Detailed map of Davies Reef study area with well
locations, transect well depths, and tide gauge and
current meter locations

Figure 3. Sampling well schematic

Figure 4. Hydraulic conductivity results from permeameter studies
of Davies Reef #1 core, reef plate, and sand on reef

plate -

Figure 5. Hydraulic conductivity results (meters/day) from slug
tests performed on array wells. Depth of array wells in
parentheses. .

Figure 6. Tide gauge comparison. Records arbitrarily assigned
same level at low tide; absolute differences not known

Figure 7. Vertical tracer experiment dye concentrations in well
BD. V indicates time of high (H) or low (L) tide
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